We prepared isoform-specific antibodies against synthetic peptides corresponding to the C-terminal seSummary quences of XScc2A and XScc2B. Each antibody immunoprecipitated a polypeptide of ‫003ف‬ kDa from a The cohesin complex is a central player in sister chroXenopus egg extract ( Figure 1A ). The specificity of each matid cohesion, a process that ensures the faithful immunoprecipitation was demonstrated by competition segregation of chromosomes in mitosis and meiosis with antigen peptides. Neither of the anti-XScc2 peptide [1, 2]. Previous genetic studies in yeast show that antibodies coprecipitated the alternative isoform, sugScc2/Mis4, a HEAT-repeat-containing protein, is regesting that XScc2A and XScc2B do not associate with quired for the loading of cohesin onto chromatin [3, 4]. each other in the extract. We also raised XScc2B-speIn this study, we have identified two isoforms of Scc2 cific antibodies against a recombinant fragment unique in humans and Xenopus (termed Scc2A and Scc2B), to the C terminus of this isoform. As judged by sucrose which are encoded by a single gene but have different gradient centrifugation of a whole egg extract, XScc2A carboxyl termini created by alternative splicing. Both and XScc2B were both fractionated into a single peak Scc2A and Scc2B bind to chromatin concomitant with with a sedimentation coefficient of ‫31ف‬S ( Figure 1B ; cohesin during DNA replication in Xenopus egg exdata not shown). By size exclusion column chromatotracts. Simultaneous immunodepletion of Scc2A and graphy, XScc2A eluted in a peak corresponding to a Scc2B from the extracts impairs the association of Stokes radius of ‫031ف‬ Å ( Figure 1C) . These values alcohesin with chromatin, leading to severe defects in lowed us to estimate the native molecular mass of sister chromatid pairing in the subsequent mitosis.
, sugclusion column chromatography ( Figure 1C ), and they gesting that this step depends on replication licensing did not coimmunoprecipitate with each other (data not but not on the initiation of DNA replication. Upon mishown). These data suggest that XScc2 is present in a totic entry, Scc2 is removed from chromatin through large protein complex that is distinct from cohesin in a mechanism that requires cdc2 but not aurora B or
Xenopus egg extracts. While Scc2 was shown to form polo-like kinase. Our results suggest that vertebrate a complex with Scc4 in S. cerevisiae [9] , no vertebrate Scc2 couples replication licensing to sister chromatid orthologs of Scc4 have so far been detected in the datacohesion by facilitating the loading of cohesin onto base. It remains to be determined whether XScc2 forms chromatin. a homo-oligomer or associates with other proteins in Xenopus egg extracts.
Results

Next, we investigated the chromatin binding properties of XScc2 and cohesin in Xenopus egg extracts [10].
Identification and Characterization of Scc2
When sperm chromatin was incubated with an inin Xenopus Egg Extracts terphase low-speed supernatant (LSS), nuclear enveWe originally identified two polypeptides of unknown lope formation began ‫03ف‬ min after sperm addition, and function in the human genome database that share hofull nuclear maturation was achieved by 60 min ( After 2 hr incubation, the extract was driven into mitoalternate splicing of a single gene termed NIPBL, which sis by adding two volumes of cytostatic factor (CSF)-is mutated in Cornelia de Lange syndrome [7] . The two arrested LSS. Aliquots were taken from the reaction isoforms are 2697 and 2804 amino acids long, being mixture at various times, and chromatin was isolated distinguished by variant carboxyl (C) termini ( Figure S1 ). and analyzed by immunoblotting (Figure 1Db) . The re-A further BLAST search using the human sequences as covery of chromatin was assessed by visualizing hisquery allowed us to identify two overlapping Xenopus tones with Coomassie blue [11]. We found that XScc2A EST sequences homologous to the C-terminal region of and XScc2B progressively bound to chromatin during the longer isoform. This sequence information was then interphase, reaching a plateau at 60 min ( Figure 1D ; data used to isolate two cDNA sequences corresponding to not shown). cohesin, was removed from chromatin ( Figure 1Db , lane this effect was highly specific to cohesin because the association of other factors with chromatin (such as 7). Thus, XScc2 and cohesin both associate with chromatin immediately after the licensing of replication oritopoisomerase II␣, ISWI, Plx1, and aurora B) was not affected in the absence of XScc2 ( Figure S2 ). We also gins by the Mcm2-7 complex and almost coincident with DNA replication.
found that XScc2A and XScc2B were efficiently recovered on interphase chromatin assembled in an extract depleted of cohesin ( Figure 2B ; data not shown), sugScc2 Is Required for Cohesin Loading and Sister gesting that the association of XScc2 with chromatin is Chromatid Cohesion in Xenopus Egg Extracts independent of cohesin. To determine the role of XScc2A and XScc2B in the The inability of cohesin to associate with chromatin establishment of sister chromatid cohesion, the two proin the absence of XScc2 would be expected to cause teins were immunodepleted from interphase LSS, either defects in sister chromatid cohesion in the subsequent individually or simultaneously. The efficiency of immumitosis. To test this possibility, sperm chromatin was nodepletion was ‫%59ف‬ for each, as judged by quantitaincubated with an interphase LSS depleted of both tive immunoblotting (Figure 2Aa ). As expected, cohesin XScc2A and XScc2B, and after replication the mixture was not codepleted from the extracts upon depletion was driven into mitosis by the addition of two volumes of XScc2A and/or XScc2B. Nuclear envelope assembly of CSF LSS. An extract depleted of cohesin was also and DNA replication occurred with apparently normal prepared as a control. The resulting metaphase chromokinetics in the depleted extracts (data not shown). Chrosomes were fixed, isolated, and labeled with an antibody matin fractions were isolated and analyzed by immuagainst an SMC core subunit of condensin (XCAP-E/ noblotting using antibodies against cohesin subunits SMC2). The replication of each chromosome was conand XMcm7. The depletion of either XScc2A or XScc2B firmed by incorporation of biotin-dUTP (data not shown) alone had little, if any, effect on the recovery of cohesin [13] . No apparent defect in sister chromatid cohesion in the chromatin fraction (Figure 2Ab, lanes 2 and 3) .
was observed in chromosomes prepared in the mockHowever, the association of cohesin with chromatin was depleted extract or in the extracts depleted of either severely compromised in the extract depleted of both XScc2A and XScc2B (Figure 2Ab, lane 4) . Importantly, XScc2A or XScc2B ( Figure 2C , ⌬NI, ⌬Scc2A, and repeats [16] . In any case, it is interesting to note that the distribution and activity of the condensins, a differWe next determined whether XScc2 is required to maintain the association of cohesin with chromatin. ent class of SMC protein complexes, are also regulated by their distinct HEAT-repeat-containing subunits [17]. Sperm chromatin was incubated in an interphase LSS for 2 hr to allow the loading of XScc2 and cohesin, and was then exposed to increasing concentrations of KCl Association of Scc2 with Chromatin Is Dependent on Replication Licensing before being isolated. We found that whereas cohesin and XMcm7 remained stably bound to chromatin at 200 Scc2 and cohesin associate with chromatin coincident with the initiation of DNA replication ( Figure 1D ). To mM KCl, XScc2A and XScc2B were easily extracted from the chromatin fraction under the same condition test how the establishment of sister chromatid cohesion might be functionally coupled to DNA replication, we ( Figure 2D ; data not shown). It is therefore most likely that XScc2 is required for the establishment but not for examined the association of Scc2 and cohesin with chromatin under conditions where DNA replication is the maintenance of sister chromatid cohesion, as has been shown in S. cerevisiae [9] .
inhibited at different stages. The addition of geminin to egg extracts inhibits replication licensing by blocking The mechanism by which Scc2 promotes the stable association of cohesin with chromatin remains to be the function of Cdt1, an essential component of the 1-4), geminin-treated (lanes 5-8), and p21-treated (lanes 9-12) 
